The low frequency of plasma cells and the lack of specific cell surface markers has been a major obstacle for a detailed characterization of plasma cells in normal human bone marrow. Multiparameter flow cytometry enabled the identification of plasma cells in normal bone marrow aspirates. The plasma cells were located in a unique position in the correlation of forward light scattering, orthogonal light scattering, and immunofluorescent-labeled CD38. The identity of the sorted cell populations was confirmed by microscopic examination of Wright's stained slides and slides stained for cytoplasmic immunoglobulin using polyclonal antibodies reactive with light chains: ie, anti-rc fluorescein isothiocyanate and antiX phycoerythrin (PE). The purity of the sorted plasma cells was greater than 97% (n = 4). The average frequency of plasma cells in normal bone marrow aspirates was low-0.25% of the nucleated cells (n = 7)-but surprisingly consistent between individuals (SD = .05: range 0.14% t o 0.30%). A detailed analysis showed t w o distinct populations of plasma cells: (1 ) A population relatively smaller by forward light H E BONE MARROW is the site of early B-lymphocyte
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The low frequency of plasma cells and the lack of specific cell surface markers has been a major obstacle for a detailed characterization of plasma cells in normal human bone marrow. Multiparameter flow cytometry enabled the identification of plasma cells in normal bone marrow aspirates. The plasma cells were located in a unique position in the correlation of forward light scattering, orthogonal light scattering, and immunofluorescent-labeled CD38. The identity of the sorted cell populations was confirmed by microscopic examination of Wright's stained slides and slides stained for cytoplasmic immunoglobulin using polyclonal antibodies reactive with light chains: ie, anti-rc fluorescein isothiocyanate and antiX phycoerythrin (PE). The purity of the sorted plasma cells was greater than 97% (n = 4). The average frequency of plasma cells in normal bone marrow aspirates was low-0.25% of the nucleated cells ( In this study we demonstrate the use of high-resolution, multiparameter flow cytometry to identify plasma cells uniquely using their location in a three-dimensional space created by forward light scattering, orthogonal light scattering, and CD38 fluorescence intensity. The specific identification of normal plasma cells in human bone marrow permitted an extensive characterization of the antigens expressed on the normal plasma cells.
scattering expressed CD22, CD35, and slgE and was identified as early plasma cells (ie, lymphoplasmacytoid), and (2) a population larger by forward light scattering lacked these markers and was identified as mature plasma cells. The antigenic profile of the normal plasma cells was determined in two-color immunofluorescence studies. The expression of cell surface immunoglobulin G (IgG), IgA, IgE, IgD, IgM. and the cell surface antigens CDIO, CDI 1 b, CD13, CDllc. CD14, CD15, CD16, CD19, CD22, CD20. CD33, CD35, CD45, and HLA-DR was determined on the plasma cells. A significant heterogeneity in cell surface antigen expression was observed within the plasma cell population. Unexpectedly, myeloid-specific cell surface antigens such as CD33 and CD13 and the early B-cell antigen identified by CDIO were expressed on a proportion of plasma cells. These observations imply that the association of myeloid and early B-cell markers described in multiple myeloma may not be associated with the neoplasia but is a normal phenomenon. 0 1990 by The American Society of Hematology. 
MATERIALS AND METHODS

Cell
RESULTS
Idenrijcorion of plasma cells in human hone marrow using jlow cyromerry. The low frequency of the plasma cells and the lack of specific cell surface antigens have been significant impediments for an accurate identification of were sorted then placed on microscope slides using a cytocentrifuge and stained with Wright's stain. A typical example of the purified Wright-stained cells revealed a homogeneous population of cells with the characteristic morphology of plasma cells (Fig 2) . Further evidence of the identity of these cells was obtaincd by intracellular staining of the sorted cells with polyclonal antibodies directed against the light chains, ic, antihuman I( FITC and antihuman A PE. All cells stained with either K FITC or A PE. not both. The purity of the sorted plasma cells in four different sorts was 93%. 100%. 99%. and 997. respectively. In the sorted cell fractions not expressing the CD38 antigen and in the cell fractions dimly expressing the CD38 antigen. no plasma cells could be found based on visual counts of I .OOO.
Frequency of plasma cells in normal human hone marrow.
The frequency of plasma cells in seven normal bone marrow aspirates was determined using the approach illustrated in cells. In the experiment illustrated in Fig 3. a normal bone marrow cell preparation was stained with CD38 PE in combination with either FITC-conjugated CD22 (Fig 3. C and D), antihuman IgE (Fig 3. E and F) . HLA-DR (Fig 3. G  and H) . or an irrelevant antibody (Fig 3. A and R) . In Fig 3A the correlation between the light scattering parameters is shown and in Fig 3R the correlation betwccn CD38 and the FlTC-conjugated irrelevant antibody is illustrated. A boundary was established using the negative control to identify the positively stained cells. Plasma cells that were unstained appear black. while those that passed this boundary arc colored blue. Note the appearance of few blue-colored cells in Fig 3. A and R.
The expression of cell surface CD22 on plasma cells is illustrated in Fig 3. C and D. The plasma cells that did not express CD22 were depicted black whereas the plasma cells which bound CD22 arc colored blue. Note that all the blue (CD22' ) cells arc considerably smaller by forward light sattering as compared with the black (CD22 ) cells ( Fig  3C) . The frequency of the CD22' plasma cells ranged from 15% to 37% of all plasma cells (mean 25%. n = 7. Table I ).
Microscopic examination of sorted plasma cells showed that the plasma cclls expressing CD22' had the typical morphologic featura of lymphoplasmacytoid cells (typical examples are indicated with arrows in Fig 2) . whereas the CD22 cells showed the morphology of typical mature plasma cells (Fig 2) . The intracytoplasmic density of Ig light chains detected by standard fluorescence microscopy was considerably less in the CD22 populations as compared with the CD22 plasma cell population. This further confirmed the distinction between "early" lymphoplasmacytoid plasma cells and "late" mature plasma cells.
The expression of cell surface IgE on plasma cells illustrated in Fig 3. E and F was studied. The plasma cells with no detectable IgE arc depicted black whereas the plasma cells bearing IgE arc colored blue. Note that the same site distinction in light scattering was observed among plasma cells positive for IgE as was seen for CD22. indicating that the same population was detected. The frequency of the IgE' plasma cells was close to that found of the CD22' plasma cells (range 14'3 to 38%. mean 24%. n = 7. Table I ) .
A similar size dikrence was observed for the plasma cells expressing CD35' as compared with CD35 (data not shown). CD23 (Fcc,) could not be detected on either of the populations.
For a comparison, the expression of HLA-DR was studied in the same experiment. illustrated in Fig 3. G and H. The plasma cells not expressing HLA-DR arc depicted black. whereas the plasma cells cxpressing HLA-DR arc colored blue. In this case. nocorrelation with either the small or large plasma cell population was observed; the blue and black cells were overlapping in the correlation of both light scatter para meters. The presence of Ig heavy chains on the cell surface of the normal plasma cells was studied by staining bone marrow cells with CD38 PE and FITC-conjugated polyclonal antibodies directed against human IgG. IgV. IgD. IgE. and IgA. In Fig 4 the marrow cell preparation is illustrated. In Fig 4A the correlative display of both light scattering parameters is shown; the neutrophils and relatively mature erythroid cells were excluded from the measurement. As a negative control, the correlative display of CD38 antigen expression and an irrelevant FITC-conjugated MoAb is shown in Fig 4B. The plasma cells are depicted black, whereas all other cells remain gray.
The presence of cell surface IgG on bone marrow cells was studied as illustrated in Fig 4, C and D . Cell surface IgG could be detected on a large proportion of the plasma cells (compare black cells in Fig 4B with those in 4D) . In contrast, monocytes, colored yellow, have a different location in the correlation of both light-scattering parameters, stain with IgG FITC (presumably through Fc receptor bound IgG), and express lower levels of the CD38 antigen.23 A subpopulation of mature B lymphocytes expressing cell surface IgG, which lack the CD38 antigen, were colored red. These cells were distinct from NK cells (IgG bound through Fcy) because N K cells express the CD38 antigen.26
In the experiment illustrated in Fig 4E and F , the presence of cell surface IgM was studied. A relatively small proportion of the plasma cells had detectable surface IgM (compare Fig  4B with 4F) . Early B lymphocytes are depicted blue; these cells coexpress CD38 and cell surface IgM,22.24 as well as CDlO (data not shown). As compared with the blue-colored B lymphocytes, the red-colored, more mature B lymphocytes did not express the CD38 antigen but expressed cell surface IgM.
In the experiment illustrated in Fig 4, G and H , the presence of cell surface IgD was studied. Virtually none of the black colored plasma cells expressed cell surface IgD. The relative number of blue-colored B lymphocytes was clearly decreased as compared with the blue IgM-colored cells (Fig 4, E and F) . The latter is indicative for a later expression of cell surface IgD on B lymphocytes as compared with IgM.32 The red-colored mature B-lymphocytes are further differentiated; these cells do not express the CD38 antigen but express cell surface IgD.
The variation in expression of cell surface immunoglobulin on normal human plasma cells was determined for seven donors and illustrated in Table 2 . In addition, the expression of a variety of cell surface antigens on normal human plasma cells was determined in seven normal donors (Table 1) . At least 500 plasma cells were analyzed by flow cytometry for each determination of the number of plasma cells that expressed or lacked a specific antigen.
DISCUSSION
The analysis of the composition of human bone marrow aspirates is complicated by the presence of multiple cell lineages in bone marrow aspirates as well as a variety of maturational stages within each cell lineage. The introduction of multiparameter flow cytometry accelerated the studies on normal hematopoietic cell Normal human erythroid, megakaryocyte, monomyeloid, and early B-cell differentiation have been studied extensively in bone marrow aspirates.3.9.'0.30*31336-37 Alth ough normal early B-cell differentiation is well d o c~m e n t e d ,~"~~~~ little is known of the terminal differentiation of the B lymphocytes into the plasma cells resident in the bone
In this study we report the identification and characterization of the end stage of B-cell differentiation, ie, the plasma cell by high-resolution flow cytometry. The plasma cells could be uniquely identified by their location in a threedimensional space created by forward light scattering, transformed orthogonal light scattering, and quantitative CD38 expression. The plasma cells could be identified in purities greater than 99% as analyzed by cell sorting. In the fractions depleted of the plasma cells, no plasma cells could be found, indicating that the majority of, if not all, plasma cells in normal human bone marrow aspirates could be accounted for. The high purity of the plasma cells obtained by highresolution flow cytometry opened the opportunity to study the cell surface phenotypes of normal plasma cells.
The average frequency of the plasma cells in normal bone marrow aspirates was low: 0.25% of nucleated bone marrow cells with a remarkable small interdonor variation (SD = .OS). The frequency of the plasma cells are in agreement with earlier studies enumerating plasma cells using fluorescence and light micro~copy.~~' The small interdonor variation permits the usage of this technique to detect abnormal high frequencies of plasma cells in bone marrow aspirates.
A detailed analysis of the normal bone marrow plasma cell population demonstrated the existence of two populations of plasma cells, ie, early lymphoplasmacytoid plasma cells and late mature plasma cells. The lymphoplasmacytoid cells were distinguished from the mature plasma cells by their relatively low forward light scattering and the expression of CD22, CD35, and sIgE. The morphologic features of the lymphoplasmacytoid cells and their lower density of intracytoplasmic Ig light chains strongly suggest that these are early plasma cells. The presence of sIgE on the lymphoplasmacytoid cells was surprising and suggested the presence of low-affinity receptors for IgE, which have been shown to For personal use only. at UNIVERSITEIT TWENTE on March 6, 2009. www.bloodjournal.org From appear after B-cell activation in vitro." The absence of staining with anti-CD23 MoAbs on plasma cells could be a result of IgE occupying the receptor. However, it is possible that the presence of sIgE might be a result of IgE production in these plasma cells. Determination of the heavy chain production of the plasma cell populations will answer this question but has not yet been performed.
The presence of cell surface Igs was studied on the majority of normal plasma cells. No distinction was made between Fc receptor bound and transmembrane Ig. In concordance with other studies, the majority of the plasma cells expressed IgG, although significant interdonor variation was observed (Table 2) .' The percentage of plasma cells expressing different heavy chains often exceeded loo%, indicating that more than one immunoglobulin was expressed by the plasma cells as described by Ma~Kenzie.~' Although the frequency of the plasma cells in the donors studied was rather constant, the plasma cell population within and between normal donors was extremely heterogeneous with respect to the cell surface antigen expression. Only the CD15 and CD16 antigens could not be detected on normal plasma cells, whereas all other antigens studied could be found on a variable number of plasma cells. Most remarkable was the expression of myeloid antigens such as CD33 and CD13, as well as the early B-cell antigen CDlO on some plasma cells.
In acute lymphocytic leukemia (ALL) as well as acute myeloid leukemia (AML) combinations of antigens can be found on the leukemic cells that do not have a counterpart in normal human bone
The studies reporting on cell surface expression of plasma cell malignancies suggested that antigens were aberrantly expressed in myeloma in an analogous fashion to that described in ALL and AML.'3p20 The present study clearly indicates the presence of myeloid as well as early B-cell antigens on normal plasma cells, not just on the malignant counterpart. The presence of these antigens on normal plasma cells was surprising. The fact that these antigens were not found on all plasma cells and were expressed a t different levels on the positive cells is different from other antigens identifying distinct maturational stages. It is possible that these myeloid and or early B lymphoid antigens on plasma cells are not functional but are products of small amounts of residual R N A present in the cells, which is amplified through transcription because of the tremendous protein synthesis occurring in the plasma cells. The phenotypic heterogeneity within the normal plasma cells limits the ability of defining myeloma cells based on aberrant expression of antigens.
In this study we have shown that during B-cell maturation the CD38 antigen is lost; ie, CD38 is present on the earliest recognizable B cells (CD10+, CD34+, CD20-) and lost before sIgD is present on the cell surface, (CD34-, CDlO', CD20*).9.'0 The CD38 antigen density on the plasma cells is re-expressed during terminal maturation (at levels a t least tenfold higher as compared with the immature B lymphocytes). Because we have not detected cells expressing the relatively late B cell antigens CD21 and CD22, which also expressed CD38 (a phenotype expected for activated B cells), either the frequency of such activated B cells is below the detection limit (t0.01%) or activation of the B-lymphocytes occurs outside the bone marrow and the antigen-primed B cells migrate back to the bone marrow for Ig secretion. In vitro studies have shown that resting splenic B cells do not express the CD38 antigen, but after stimulation the CD38 antigen appears in synchrony with the appearance of plasma cells.'* In view of these observations, and the studies in mice that the majority of serum IgG results from bone marrow plasma cells,45 we favor the hypothesis that early B-cell differentiation occurs within the bone marrow, but the virgin B-lymphocytes leave the bone marrow compartment returning to the bone marrow as early plasma cells after antigen stimulation. Improvement of the knowledge of the migration patterns of normal B-lymphocytes is imperative for a better understanding of the preferential localization and migration patterns of B-cell malignancies. This study provides the means to specifically identify early and late plasma cells in normal human bone marrow, thereby opening new prospectives to explore the expression of distinct adhesion molecules (homing receptors) on the cells surface of cells along the B-cell lineage. Assessment of the tissue-specific ligands (vascular adressins) for the adhesion molecules then predict the preferential migration pattern of the identified cell population.
A major advantage of the multiparameter flow cytometric approach to assess B-cell differentiation is that one not only can identify plasma cells and their precursors but also can sort each identified population on a single-cell basis, permitting functional studies in which the behavior of normal and abnormal (myeloma) plasma cell populations can be compared.
